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ABSTRACT 
To find levels of dissolved residual ozone lethal to fish 
eggs and larvae during brief exposures, toxicity tests were 
performed with selected species by three methods. Tested were 
eggs and larvae of yellow perch fPerca flavescens), channel 
catfish (Ictalurus punctatus) , and fathead minnow (Pimephales 
promelas) , eggs of white sucker (Catastomus commersoni) , larvae 
of bluegill sunfish (Lepomis macrochirus) and rainbow trout 
fSalmo gairamerii), and postlarvae of spottail shiner fNotropis 
hudsonius) . Decay characteristics of ozone in the test water 
and the waterTs ozone demand were investigated, and LC50’s. 
LC99Ts and their confidence limits were calculated when possible. 
Eggs of the species tested were more tolerant than larvae, 
which were destroyed by very brief (less than 2 minute) expo¬ 
sures to residuals less than 0.1 mg/1. Dissolved ozone 
dosages required to destroy 99% of the eggs tested were greater 
than 6.3 mg/1. 
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CHAPTER I 
INTRODUCTION 
During this century chlorine has become almost universally 
accepted as a biocide in aquatic systems. However, recently 
accumulated evidence of toxicity of chlorine and chlorinated 
compounds to populations in receiving waters (Brungs, 1973; 
Ward and De Graeve, 1978) has elicited a search for an alter¬ 
native. Ozone, under investigation for this role, has been 
shown to be a superior disinfectant under some conditions 
(Kinman, 1972), while its rapid decay in water minimizes ex¬ 
posure of nontarget organisms. Traditionally used in Europe 
as a treatment for potable water, dissolved ozone has been 
recently employed in pilot projects to disinfect wastewater 
(Evans, 1972) and lobster and oyster cultures (Ciambrione, 
1975; Moffett and Schleser, 1975), to treat aquarium water 
(Murphy, 1975), and as an antifoulant in generator cooling 
pipes (Mangum and Mcllhenny, 1975). Continued expansion of 
ozone use is predicated on examination of its toxicity to 
aquatic life in a variety of systems. Such work is necessary 
to maximize its effectiveness and efficiency and to set stan¬ 
dards for environmental protection. 
This study originated as a contribution to the Connecticut 
River diversion study promulgated by the Metropolitan Distiict 
Commission (M.D.C.) of Massachusetts. Predictions of future 
1 
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inadequate supply have caused the M.D.C., responsible for 
furnishing potable water to Boston and surrounding areas, to 
search for water sources to augment the principal reservoir in 
its supply system, Ouabbin. The focus of this search has 
become the Connecticut River. It has been proposed that a 
portion of the flow in excess of 17,000 cubic feet per second, 
approximately 20 to 60 billion gallons yearly (3% of total 
annual flow), be diverted to the Ouabbin Reservoir. Water would 
be taken from an existing facility, the Northfield Mountain 
Pumped Storage Station, Northfield, Massachusetts, and conducted 
from its elevated reservoir through a 500-foot vertical shaft 
and 10-mile horizontal tunnel to the Ouabbin. 
Since its construction, Ouabbin has become one of Mass¬ 
achusetts1 most important sports fisheries (McCaig and Mullen, 
1958). Some difficulty has been encountered in maintaining a 
productive and balanced fishery in these waters; however, the 
existing combination of lake, rainbow and brown trout, land¬ 
locked salmon, smallmouth and largemouth bass and forage fish 
is regarded as successful (Bridges and Hambly, 1971). There 
has been considerable concern among state fisheries biologists 
over the impact of the diversion of this system. It is thought 
that the diversion may transport eggs and larvae of fish 
species native to the Connecticut River which are actually 
not present or present in low densities in Ouabbin. These 
could serve to change the existing balance and reduce produc- 
3 
tion of desirable species (Colton Bridges, pers. comm.). 
It has been suggested that amelioration of this problem 
may be accomplished by the addition of a toxicant to the 
diversion flow near its inlet at Northfield Mountain reservoir 
at levels sufficient to destroy entrained fish. Unacceptable 
persistence of traditionally employed fish toxicants has led 
M.D.C. to propose the use of ozone. It would be produced on¬ 
site and introduced into the diversion flow by a contact 
chamber or by direct injection into the tunnel. 
In order to provide information necessary for a decision 
to use ozone, and to contribute to knowledge of ozone toxicity, 
the present investigation undertook to establish acute dose- 
mortality relationships for ozone using eggs and larvae of 
pertinent fish species as test animals. Three toxicity test 
designs were used to model direct and contact chamber injection 
methods. The ozone demand of Connecticut river water was 
determined to provide information necessary to calculate total 
dosages required. 
CHAPTER II 
LITERATURE REVIEW 
Ozone Chemistry 
Ozone, a powerful oxidant generated by passing an electric 
spark or ultraviolet light through an oxygen-containing gas, 
reacts rapidly with a wide variety of organic and inorganic 
compounds (Hewes and Davidson, 1971). It is ten times more 
soluble in water than oxygen (Chemical Rubber Co., 1977), but 
high concentrations in water are produced with difficulty at 
atmospheric pressure due to its low partial pressure in air 
(Kinman, 1972). Dissolved in unpolluted natural water, ozone 
spontaneously decomposes at a rate dependent on temperature 
and presence of catalysts to form oxygen. As with other strong 
oxidants, various substances in water exert a demand for ozone 
which must be satisfied before a residual concentration can 
persist (Hewes and Davidson, 1971). 
Ozone has been long used as a highly selective oxidant in 
organic solvents, reacting, for example, very rapidly with some 
carbon-carbon double bonds but only slowly with halogenated 
organic compounds (Bailey, 1972). In contrast, ozone quickly 
oxidizes a variety of substrates in water and wastewater treat¬ 
ment. These observations suggest that ozone in water oxidizes 
indiiectly, through intermediation of some other reactive 
M 
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species formed from water (Peleg, 1976). Hoigne and Bader 
(1975, 1976) have postulated two mechanisms for its action in 
water. One, the principal reaction path in organic solvents, 
is a relatively slow, selective and pH-independent direct 
reaction of ozone with the substrate. The other, the major 
path in water, occurs in two steps: decomposition of ozone to 
form OH* and other radicals, and their subsequent reaction 
with the substrate. The rate of the first step increases with 
increasing pH; the latter is known to be very fast with dis¬ 
solved species and nonselective. Thus while dissolved sub¬ 
strates are present, radicals will react principally with them 
before oxidizing particulate material, perhaps explaining 
observations that ozone used in water disinfection possesses 
an T7all-or-none effect" -- that ozone performs little disin¬ 
fection until essentially all ozone demand is satisfied and a 
residual can be produced, while only a small residual concentra¬ 
tion kills large proportions of bacteria (Kinman, 197 2) . 
Ozone Toxicity 
Toxicity of ozone dissolved in water to a variety of 
organisms has been demonstrated. Ozone has been shown to lyse 
bacteria (Scott ejt al., 1963) , deactivate poliovirus, particu¬ 
larly when concentrations exceed 1 mg/1 (Majumdar et_ aj^, 1973) , 
and destroy ova of the fluke Schistosoma mansoni (Mercado- 
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Burgos, Hoehn, and Holliman, 1975). Ozone may be a potent 
microbial mutagen, altering DNA or RNA released by lysed or¬ 
ganisms and subsequently taken up by other cells (Scott, 1975). 
In seawater ozone was shown to cause reduced viability in 
oyster eggs through lower fertilization, retarded meiosis and 
abnormal nuclei (MacLean et al, 1973). Further, ozone residu¬ 
als varying between 80 and 200 ug/1 were lethal to the 
Atlantic silverside (Menidia menidia) within one-half hour 
(Toner and Brooks, 1975), and at continuous concentrations of 
400 ug/1 in seawater destroyed colonies of the barnacle Balanus 
cariosus within one week. The authors of the latter report 
suggested that it may not be possible to extrapolate to fresh 
water due to the existence of alternate reaction paths involv¬ 
ing halogens in seawater (Mangum and Mcllhenny, 1975). 
Hubbs (1930) observed that ozone dissolved in fresh water 
can be toxic to fish. At ozone concentrations less than 100 
ug/1 adults of the minnows Hvborhvnchus notatus and Notroois 
rubellus and the dace Rhinichthvs atratulus showed irritation 
but survived, while death occurred at greater initial concen¬ 
trations. The author’s use of unbuffered potassium iodide to 
measure ozone concentrations, however, may have led to errors 
in reported levels (Shechter, 1973). Roselund (1975) reported 
that rainbow trout experienced high mortality due to damage to 
respiratory epithelia when exposed for four hours to 10-60 ug/1 
7 
of residual ozone in lake water. When the ozone residual was 
eliminated by retention of the ozonated water, mortality ceased 
Similarly Arthur et_ al. (1975) observed no measurable toxicity 
of ozonated secondary effluent in acute or chronic tests using 
fish fry and eggs when no ozone residual was present. When 
the retention time was reduced to sustain a continuous ozone 
residual, a 1 to 3 hour exposure to 200-300 ug/1 was lethal to 
fathead minnow juveniles; eggs were not tested with a residual. 
Both papers concluded that ozone-treated water is not toxic to 
fish unless a residual concentration is present in the water. 
There is some evidence that at low dissolved concentra¬ 
tions ozone can exert a protective rather than a toxic effect 
on fish in some waters. Benoit and Matlin (1966) reported 
increased hatchability and improved survival of fry from 
rainbow trout eggs incubated in recirculating aquarium water 
which was treated with ozone and subsequently deozonated with 
activated carbon to a residual below their detection limit of 
100 ug/1. In life-cycle toxicity tests with ozone-treated 
secondary effluent, survival of fathead minnow adults was 
highest at the greatest concentration tested, 12 ug/1 of residu 
al ozone, while fecundity and survivability of young did not 
vary significantly among the concentrations tested (Ward and 
De Graeve, 1978). Species of marine crustaceans and molluscs 
suffered greatly reduced mortality over controls when held in 
8 
ozone treated-carbon filtered seawater, although among fish 
similarly treated mortality increased (Blogoslawski e_t al, un¬ 
published manuscript) . 
One recent study suggests that ozone residuals may not be 
solely responsible for toxicity of ozonated effluent. Elia et. 
al (1978) reported that ozonation of a synthetic hospital 
wastewater caused destruction of some organic constituents but 
also the formation of others, notably acetaldehyde. Prelimi¬ 
nary results indicated that while the original effluent was 
not toxic to cultured mammalian cells, the ozonated effluent 
with no residual present was highly toxic. The implications 
of this work, if substantiated, are particularly significant 
with regard to possible substitution of ozone for chlorine 
in potable water treatment. 
CHAPTER III 
MATERIALS AND METHODS 
Decay of Ozone and Ozone Demand 
To elucidate properties of ozone decay in Connecticut 
river water, several preliminary experiments were performed. 
Ozone residuals were created by bubbling ozonated oxygen through 
3.0 liters of water in 3.8 liter jars. The jars were tightly 
capped and samples withdrawn at intervals for analysis of 
ozone residuals. The decay of ozone was plotted on a loga¬ 
rithmic scale against time and comparisons were tested by 
analysis of variance. Decay rates of dissolved ozone were 
compared in this manner in Connecticut river water at: 12° 
and 23° ozonated to approximately 2 mg/1 residual, 23° ozonated 
to residuals of 1.15 mg/1 and 2.30 mg/1, and 23° containing 5 
juvenile bluegill sunfish (1.5-3g) or no fish and ozonated for 
three minutes (to an ozone residual of 0.25 mg/1) or five 
minutes (0.68 mg/1) . The decay rate of ozone in Connecticut 
river water was also compared to that occurring in distilled- 
deionized water and upland stream water. 
The ozone demand of Connecticut River water was measured 
using an apparatus modified from that suggested by P.C.I. Corp 
(P.C.I. Corp., unpubl. manuscript). The apparatus (Figure 1) 
consisted of a 4-liter flask equipped with a fritted disc to 
9 
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bubble either ozonated or non-ozonated oxygen through the 
sample. This jar was connected by tubing and a glass stopcock 
to either of two series of two gas washing jars each containing 
5% KI solution. The ozonator output was calibrated by operating 
it at an arbitrarily selected pressure and volume of gas flow 
(3.2 lb/sq. in.; 20 c.f.m.) and voltage (100 v.) for five 
minutes directly into the gas washing jars where all ozone was 
captured. Iodine produced in the jars was titrated with stan¬ 
dard sodium thiosulfate solution (A.P.H.A., 1976); the measure¬ 
ment was repeated three times and the average rate of ozone 
output at that flow was calculated. Connecticut river water was 
collected in November from immediately below the Northfield 
Pumping Station and refrigerated at 4° for 36 hours until 
tested. Four liters of the sample were placed in the test 
flask and ozonated gas bubbled through the solution for a time 
that earlier experimentation had shown would yield a residual 
of about 1 mg/1 ozone. Exhaust gas from the test flask passed 
through the two gas wash bottles where undissolved ozone was 
trapped. After the desired period (6 minutes) ozonation was 
stopped and non-ozonated oxygen was used to quickly purge the 
ozone in the space above the solution and the tubing into the 
gas washing jars. After 30 seconds the gas flow was diverted 
into the other series of gas-washing jars and non-ozonated 
oxygen was bubbled through the sample for five minutes, washing 
11 
out all residual dissolved ozone to be collected in the jars. 
The test was performed three times - 
The ozone demand of each sample was calculated by the 
following formula: O.D. = rt- fa+b~) 
V 
where r 3 rate of ozone production by ozonator, 
t 3 time of ozonation. 
a = total iodine produced in the first series of 
flasks, expressed as ozone 3 ozone not dissolving 
in sample. 
b 3 total iodine produced in the second series of 
flasks, expressed as ozone - total residual 
ozone present in sample. 
V = volume of sample. 
Toxicity Tests 
General and analytical procedures. 
Two methods were under consideration by M.D.C. to intro¬ 
duce ozone into the diversion flow: direct injection and use 
of a contact chamber. The direct injection mode involved use 
of a static mixer of similar mass transfer device to rapidly 
increase the residual concentration of ozone to a peak. The 
residual then would be permitted to decay. This process was 
modelled in the static-decreasing concentration toxicity tests. 
Fig. 1. Apparatus for determination of ozone demand. 
Fig. 2. Apparatus for static-decreasing concentration tests. 
02 
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The contact chamber method provided for continued maintenance 
of an ozone residual in the diversion flow by sustained contact 
with ozonated gas within a chamber for a specified retention 
time, and was modelled by the continuous concentration methods. 
Species to be tested were selected in consultation with 
Massachusetts Division of Fish and Wildlife personnel. The 
choice was based on their presence in the Connecticut River, 
possibility of competition with existing species in Quabbin, 
and/or general usefulness in a comparison with other toxicants. 
Sources, ages, and acclimation time of fish eggs and larvae 
are listed in Table 1. The time of acclimation to laboratory 
conditions was limited by the rapid development of early life 
stages, especially of warm-weather spawners. 
The test organisms were maintained according to the general 
guidelines of Lewis (1963). Eggs and larvae in plastic cylin¬ 
drical cups with nylon screen bottoms were held before and 
after treatment in incubation troughs modified from that de¬ 
scribed by Mount (1968). A 2 R.P.M. motor actuating a rocker 
arm supplied vertical movement of the cups to provide agitation 
and oxygenated water exchange. Connecticut river water in the 
trough was recirculated by pump through plastic foam and 
activated carbon filters and sprayed down into the trough for 
oxygenation. The trough assemblies were kept in a constant- 
temperature (±1° C) room. Larvae were fed 3 times daily with 
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commercial larva food consisting of an egg and yeast suspension 
No disease was observed among larvae or juveniles; some eggs 
were discarded due to development of Saprolegnia fungus. 
Ozone was produced in the laboratory by means of a com¬ 
mercial ozone generator (Pollution Control Industries model 3C) 
The generator was fed medical quality dry oxygen from a cylin¬ 
der and was operated at 3-4 p.s.i.g. pressure and 90-115 
volts. 
The neutral-buffered iodometric method of Shechter (1973) 
was used in analysis for dissolved ozone residual concentra¬ 
tions. All glassware employed in analysis was acid-washed, 
rinsed in distilled-deionized water, rinsed with water con¬ 
taining an ozone residual, and oven dried. Water used in 
reagents and for rinsing was distilled-deionized, ozonated to 
a residual, and left in sunlight for a day to insure complete 
decay of ozone. These steps assured that trace organic 
materials would not interfere with analysis by destroying ozone 
residuals (Shechter, 1973). The analytical method was capable 
of detecting a variety of oxidants in water; consequently what 
is throughout this report termed T,ozoneTT may more precisely be 
read as "ozone and ozone-produced oxidants". 
The water in which testing was carried out was obtained 
from either the Northfield Mountain reservoir or from the 
Connecticut River immediately below the intake pipe for North- 
field Mountain in April, May, and June. Water was lifted by 
16 
portable pump to barrels on a truck and transported 30 km. to 
the laboratory. There it was pumped to an elevated storage 
tank, cooled by a thermostatically adjustable refrigeration 
coil and circulated by a pump. Water was held in this tank 
1-3 days before use. The chemical composition of a sample of 
test water, collected in May, is provided in Table 2. 
Static-decreasing concentration tests. 
Static-decreasing concentration toxicity tests were per¬ 
formed in a series of four-liter glass jars with tightly-fitting 
lids. Before use jars were washed and then rinsed several 
times with distilled water containing about 6 mg/1 ozone and 
Table 2. Test water quality (mg/1; pH in pH units) 
°2 8-17 no3-n2 0.13 
BOD 1.5 Total-P04 0.013 
COD 10.5 Ortho-PO^ 0.004 
Alkalinity (CaC03) 19 Sus. solids 6.0 
Acidity 3.0 Pb .01 
Hardness (CaC03) 39 Cu .01 
pH 6.9 Zn 0.02 
nh3-n2 0.26 
17 
allowed to dry. Ozone was introduced into 3.0 liters of river 
water in each jar by passing ozonated oxygen gas through Tygon 
tubing to a glass fritted disc submerged in the covered jar. 
The concentrations of ozone desired in each test were approxi¬ 
mated by varying the time that the gas was sparged through the 
water or adjusting the voltage applied to the ozonator; typical 
treatment times were 2-15 minutes. After ozonation the fritted 
disc was removed and a sample of water was taken by pipet for 
immediate ozone determination. Simultaneously test animals 
were transferred from a holding trough to the jar by suspending 
the cup from a hook secured to the inside of the lid and 
closing the jar tightly. Larger forms were placed directly in 
the jar by net. 10 to 40 organisms were placed in each jar. 
Each jar was placed on a magnetic stirrer and left for three 
hours (Figure 2) , the estimated transit time of water in the 
diversion pipe from Northfield Mountain reservoir to Quabbin 
Reservoir. A water bath was used to control temperatures less 
than 20° C; greater temperatures were maintained by adjusting 
the temperature of the laboratory. After testing, organisms 
were returned to the holding trough in the temperature-con¬ 
trolled room. Dead larvae and postlarvae were counted and 
removed immediately and after 24, 48, and 96 hours. Death was 
defined as a loss of equilibrium, cessation of opercular move¬ 
ment, and/or lack of response to stimulation (Tsai and Tompkins, 
1974) . Eggs whose integument was broken were counted 
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immediately; eggs were examined daily for opacity and movement 
of the embryo by low-power microscope and held until emergence 
of the larvae. Emerged larvae were examined for deformities. 
Each of five concentrations was run in duplicate. Duplicate 
•controls were sparged at the same rate of unozonated gas flow 
for a time equal to the longest treatment time tested. 
Static-constant concentration test. 
A series of constant concentrations of ozone were pro¬ 
duced in river water in an open-top polyethylene pan by 
bubbling ozonated oxygen from a pipet through the water (Figure 
3), until an equilibrium between input and decay was reached, 
usually in about an hour. Concentration was controlled by 
varying the rate of gas flow, the voltage input to the 
ozonator, and the depth of the pipet. Four magnetic stirrers 
were used to ensure even distribution of ozone. When successive 
ozone analysis demonstrated that a constant concentration had 
been reached, eight or twelve egg cups containing test 
organisms were suspended in the water. Two or three of these 
cups were subsequently removed and returned to the incubation 
troughs at each of four time intervals. 10 mg/1 samples of 
water were taken for ozone analysis every 2-3 minutes from 
within egg cups. Dead organisms were counted as in the static- 
decreasing concentration tests. 
Although some results are reported, this method was 
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Fig. 3. Apparatus for static-constant concentration tests. 
02 
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Fig. 4. Apparatus for continuous-flow tests. 
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abandoned because of possible changes in water quality, such 
as the buildup of toxic oxidation products on prolonged ozona¬ 
tion, and due to difficulty encountered in maintaining low 
constant concentrations of ozone. 
Flow-through constant concentration tests. 
An apparatus which yielded acceptably stable continuous 
concentrations of ozone was constructed (Figure M), adopting 
a method of separate, independent contacting apparatus for each 
test cell. This appartus consisted of a contacting column 
made of glass tubing 5 cm. in. diameter and 50 cm. long, closed 
at either end by neoprene stoppers. Ozonated oxygen gas was 
sparged from a fritted glass disc near the bottom of the column 
and exhausted at the top; river water entered from the top and 
was removed at the bottom. The water level in the column was 
held constant by passing the water through a glass tube after 
leaving the column to a level near the top of the column before 
allowing it to fall to the test chamber. An exhaust tube was 
connected to the top of this tube so that it would not function 
as a siphon. The column was supplied with both ozonated and 
non-ozonated oxygen gas; by varying the ratio of these gases, 
the concentration of ozone in the test water could be held con¬ 
stant between 0.03 and 5.0 mg/1. The column was connected to 
the 15 x 12 x 7 cm. test chamber, constructed of window glass 
and silicone sealer. The top of the chamber was removable and 
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was equipped with a hook, also held in place by silicone sealer, 
used to suspend the cup containing test organisms. The chamber 
was placed in a water bath to control its temperature; a mag¬ 
netic stirrer operated through the bottom of the bath. 
This apparatus was replicated six times to provide five 
concentrations of ozone plus control. Oxygen and ozonated 
oxygen were provided to the columns through manifolds 
eqiupped with individual valves for each column. Corrosion 
by ozone was largely eliminated by using (with the exception 
of the brass valves) only glass, Tygon tubing, and silicone 
sealer to construct the apparatus. The neoprene stoppers 
were covered with a fine coat of silicone stopcock grease, 
effectively eliminating ozone attack. 
Prior to treatment of organisms, the apparatus was 
operated at least one hour to allow concentrations to be ad¬ 
justed and stabilized. Egg cups containing organisms were 
placed in the test solution or control for the desired test 
intervals, removed, and dead organisms counted as in the other 
tests. A water sample was taken from each chamber at 5-10 
min. intervals for ozone analysis during testing to insure 
maintenance of stable ozone concentrations. 
Calculation of results. 
Calculations for all toxicity tests were performed by a 
computer program written in BASIC by Stephan, Busch, Smith, 
Burke, and Andrew (C. Stephan, personal communication) which 
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for static-decreasing concentration and continuous flow tox¬ 
icity tests simultaneously determined the LC50 and its confi¬ 
dence limits from concentration-per cent mortality data by 
the moving average (Bennett, 19 42), probit (Finney, 1964), 
and binomial methods (Sokol and Rohlf, 1969). Results computed 
by the moving average method were reported in most cases 
because of the methodTs applicability to data sets having as 
few as one partial kill. Further, its non-parametric nature 
made fewer assumptions about the data (Stephan, 1977). For 
data sets with no partial kills, the binomial method was 
employed, as it was the sole method able to derive confidence 
limits from those data. Additionally the LC99, an estimate 
of that concentration of toxicant in which 99% of a population 
would die when exposed for a specified time, was computed 
with confidence limits by the probit method through a modifica¬ 
tion of the original program. Statistically sound results of 
LC99 calculations were obtained for only a few data sets due 
to poor fits of the probit curve to the data. LC50Ts or LC99Ts 
calculated from replicate tests were examined for significant 
heterogeneity by a multiple range test (D. Hosmer, personal 
communication). When homogeneous, the replicate estimates and 
their confidence limits were combined into a weighted average 
(Sokol and Rohlf, 1969); when significantly different, the 
values for replicates were reported separately. 
The term TTLC50TT was used with caution for results of 
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static-decreasing concentration tests, as values given are 
ozone residuals applied to the test system, while actual 
exposures of organisms to the constantly-diminishing toxicant 
were not determined. 
For static-constant concentration tests, exposure time- 
mortality data were entered into the computer program in place 
of concentration-mortality data, and the moving average method 
was employed to yield median lethal exposure times and their 
confidence limits. These values were plotted against the test 
concentrations to give toxicity curves. 
CHAPTER IV 
RESULTS 
Properties of Ozone Decay Pertinent to Toxicity Tests 
Decay rates of residual concentrations of dissolved ozone 
are given in Figures 5, 6, 7, and 8. A highly significant 
(p<.01) difference was found between rates of ozone decay at 
9° C and at 22° C in Connecticut river water (Figure 5); the 
rate of decay at 22° C was 1.7 times greater than that at 9° C. 
At both temperatures decay was linear on a logarithmic scale 
in the range measured. Ozone residual decayed at a signifi¬ 
cantly (p<.01) greater rate in Connecticut river water ozonated 
to a residual of 1.15 mg/1 than in the same water ozonated to 
2.30 mg/1 (Figure 6). In the latter solution decay from 1.0 
to 0.1 mg/1 required more than 19 minutes while in the former 
this decay occurred in 4.5 minutes. Rates of ozone decay at 
similar temperatures (22-23° C) in waters from three sources 
were significantly different (p<.01). The fastest decay was 
observed in Connecticut river water, while decay was less rapid 
in upland stream water and slowest in distilled-deionized 
water. (Figure 7). 
Comparison of decay of ozone residuals in jars containing 
five bluegill juveniles or no fish revealed no significant 
difference between jars ozonated for three minutes or five 
minutes (Figure 8), though the difference in rates between jars 
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Fig. 5. Decav of ozone residuals in Connecticut river water 
at 9° C ( o) and 22° C (□) . 
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Fig. 6. Decay of ozone residuals in Connecticut river water 
treated to 2.3 mg/1 CO) and 1.15 mg/1 (A) at 23° C. 
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Fig. 7. Decay of ozone residuals in ozone demand-free water 
(□), stream water (O) > and Connecticut river water fA) at 23° C. 
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TIME AFTER TREATMENT (MINUTES) 
Fig. 8. Decay of ozone residuals from two initial levels in 
jars containing Connecticut river water with (o) and without (A) 
5 juvenile bluegill sunfish. 
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receiving the five minute treatment was almost significant 
(p<.10). The residual appeared to decay somewhat faster in 
the jar containing fish. The results of three ozone demand 
determinations on Connecticut river water were 2.0, 2.4, and 2.5 
mg/1, averaging 2.3 mg/1. 
Static Tests 
LC50Ts estimated from static toxicity tests on egg or 
larval stages of various species are collected in Table 3, in 
order of increasing LC50. 93% of all deaths attributable to 
ozone occurred within three hours after exposure, and 99.3% 
within 24 hours; thus mortality counts made 24 hours after 
exposure were used to calculate all LC50Ts. Each LC50 listed 
represents combined results of duplicate toxicity tests except 
those for rainbow trout larvae which could not be combined and 
are reported separately. Figures given for yellow perch and 
channel catfish eggs are not LC50Ts, but are lower confidence 
limits to the LC50 calculated by the binomial test. Exact 
estimates could not be calculated due to the inability of the 
apparatus to produce sufficient dissolved ozone residuals to 
destroy these forms. At the greatest concentrations tested, 
equal to the lower limits to the LC50 listed in Table 3, 
mortality was 0% and 5% respectively. 
LCS0Ts for larval forms ranged from 0.19 mg/1 for rain¬ 
bow trout larvae to 0.47 mg/1 for channel catfish larvae. Post- 
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larval spottail shiners were more tolerant with an LC50 of 
1.22 mg/1. Yellow perch and channel catfish eggs were found to 
be relatively tolerant by this method. The LC50 for yellow 
perch eggs was more than 9.8 times greater than that of the 
corresponding larvae and more than 4.4 times that of the most 
tolerant early larval form, channel catfish. Similarly, channel 
catfish eggs were more tolerant than larvae of the species by 
a factor greater than 8.1 on the basis of their estimated LC50Ts. 
The LC99Ts for several species were estimated by the probit 
method; these are also listed in Table 3. The LC99 for spot- 
tail shiner postlarvae (5.0 mg/1) was much larger than those 
estimated for yellow perch larvae (0.36 mg/1) or channel 
catfish larvae (0.64 mg/1) and also larger than that of blue- 
gill sunfish larvae, although in the latter case the confidence 
interval was so large, due to a poor fit of the data by the 
probit curve, as to render a comparison meaningless. The LC99 
estimated for spottail shiner postlarvae was greater than the 
maximum concentration of ozone tested and consequently was 
extrapolated. 
Static-constant Concentration Tests 
Plotting estimates of median lethal exposure times against 
ozone residual concentrations for bluegill larvae and spottail 
shiner postlarvae yielded a toxicity curve for each form 
(Figure 9). They reveal portions of the time-concentration 
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Fig. 9. Toxicity curves for bluegill sunfish larvae 1 O 1 
and spottail shiner postlarvae (A) exposed to dissolved ozone 
residuals in Connecticut River water at 21° and 2U° C. 
respectively. 
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relationships for ozone toxicity to these two organisms. A 
comparison of these curves demonstrated that at exposures of 
1 minute or somewhat less spottail shiner postlarvae showed 
a ten-fold greater tolerance to ozone than bluegill larvae, 
while at a 4-minute exposure the difference approached twenty 
fold. 
Continuous-flow Tests 
Results of calculations of LC50Ts and their confidence 
intervals for exposures of eggs and larvae to continuous ozone 
residuals in flowing water are provided in Table 4, arranged 
by organism and exposure time. In those instances in which 
LC50Ts for replicates could not be combined, either because they 
were significantly different or because they were calculated by 
the binomial method, the LC50Ts calculated for each replicate 
are given. 
Eggs of fathead minnows and yellow perch were found to be 
much more tolerant to ozone than the corresponding larvae. At 
the shortest exposures tested (30 sec.), the smallest residual 
concentration reliably measurable by the analytical method 
employed (approximately 0.03 mg/1) killed a majority of fathead 
minnow larvae; consequently no LC50 could be calculated, but 
upper 95% confidence limits were set. Similarly at 5- and 
2-minute exposures no LC50 could be calculated for yellow perch 
larvae, but at 1-minute and 30-second exposures the LC50 was 
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great enough to be measured. On the other hand, 10-minute 
exposures of eggs of these species to the maximum residual 
concentration of ozone obtainable from the apparatus (2-6 mg/1) 
did not result in sufficient deaths to allow calculation of 
LC50Ts, while at longer exposures LC50Ts were determined. 
Results for common sucker eggs and bluegill sunfish followed 
a similar pattern. 
For most forms tested by this method, examination of the 
relationship of exposure time to LC50 (the toxicity curve) 
revealed that the LC50 tended to increase with decreasing 
exposure time. This was not detectable for larvae of fathead 
minnows or bluegill sunfish. Toxicity curves for yellow perch 
and fathead minnow eggs were similar, while it appeared that 
common sucker eggs were somewhat more tolerant of dissolved 
ozone at 20- and 40-minute exposures. None of the larval forms 
tested could be clearly distinguished as more tolerant, though 
greater tolerance is suggested by the detectability of LC50Ts 
for yellow perch larvae at 30-second and at 1-minute exposures. 
In several cases the LC99 was determined for organisms 
tested; this could be accomplished only in those instances in 
which the probit method gave a good fit to the data. The 
results of these calculations are presented in Table 4. The 
upper confidence intervals for some LC99Ts are large; these are 
included because the lower limit remains useful. 
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Initially, on exposure of eggs to potentially lethal ozone 
concentrations, a period of no apparent change was observed, 
except the gelatinous matrix of yellow perch eggs became pro¬ 
gressively thinner. This was usually followed by disruption 
and collapse of the egg membrane and rapid death of the exposed 
embryo. Larval stages were frequently so sensitive that little 
observation was possible, but larger forms in other tests 
exhibited the "coughing" reflex, rapid swimming and head 
shaking. Immediate onset of these behaviors occurred in higher 
concentrations that were quickly lethal, while they were not 
observed at low, sublethal ozone levels. 
CHAPTER V 
DISCUSSION 
Toxicity and Life Stage 
In static and continuous-flow tests eggs of all species 
examined, except for those of the American shad, were clearly 
more tolerant of dissolved ozone than the larvae tested. 
These results are consistent with those found in another study 
when life stages of the fluke Schistosoma mansoni were exposed 
to dissolved ozone: ova were much more tolerant of ozone than 
free-swimming cercaria larvae (Mercado-Burgos et. <rl, 1975) . 
In contrast, McKim (1977), reviewing pollutant toxicity to 
early life stages of fish, found that the egg-embryo stage 
was among the most sensitive to most pesticides, metals, and 
oxidants examined; exposure times were, however, longer than 
the brief exposures reported here. 
The differing tolerance of eggs and larvae can probably be 
explained by the conjecture of Benoit and Matlin (1966) that 
ozone reacts rapidly with the membrane of the egg and does 
not penetrate it. (Similarly, Scott and Lesher (1963) postu¬ 
lated that ozone does not penetrate the bacterial cell but 
acts on the cell wall to cause lysis or leakage.) A predicta¬ 
ble result of this mode of action was observed in the present 
study: embryos were only destroyed after being exposed to 
treated water by ozone disruption of the egg membrane, while 
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eggs whose membranes remained intact survived. Thus the degree 
of tolerance of ozone by fish eggs during short exposures 
appears to be based chiefly on properties associated with 
the membrane, such as presence or absence of a gelatinous 
coat, rather than characteristics of the embryo inside. It is 
unclear if this relationship could be extended to longer ex¬ 
posures than those tested here. 
The division of the forms tested into groups of similar 
tolerance is not without exception. In the static-decreasing 
concentration tests spottail shiner postlarvae were found to 
have an LCSO more than twice that of larvae of any other spe¬ 
cies; this is probably attributable to greater maturity of the 
spottail shiner test specimens. 
Establishment of Lethal Concentrations 
A goal of this work was establishment of those residual 
ozone concentrations sufficient to destroy eggs and larvae 
entrained in river water. Generally, the best estimate of the 
ozone residual required to elicit high (99%) mortality is the 
LC99 as determined by the test modelling the desired mode of 
application. When all species tested are under consideration, 
the LC99 of the most tolerant is the best approximation. If 
greater assurance of 99% mortality is desired, ozone can be 
applied to attain a residual equal to the upper confidence limit 
of the LC99, whether for a single species or the most tolerant. 
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Unfortunately such estimation is difficult to accomplish in 
practice. As previously discussed, for a majority of tests 
the LC99 was not determined, and for others only lower limits 
to the LC50 were found. While estimation of lethal levels 
from such data is less accurate, it nevertheless remains useful. 
While not all species tested are likely to be found in 
any single body of water, the tolerances of all should be 
reviewed when establishing lethal ozone concentrations. 
Tolerances of untested species can be estimated by assuming 
that their range is similar to that of the species examined, 
though assurance that an unstudied species does not have a 
greater tolerance than any tested cannot be given unless all 
species of interest are examined. 
For exposures modelled by the static method, a residual 
concentration of ozone of 0.65 mg/1 appears adequate to destroy 
large proportions (>99%) of the larvae tested. No LC99 was 
found for rainbow trout larvae, but the LC50Ts determined were 
similar to or less than those of other species; it is doubtful 
that this species, generally found somewhat less tolerant than 
most to a variety of toxicants (Ball, 1967 a, b) , is more 
tolerant of ozone at higher mortalities than larvae of the 
other species tested. Spottail shiner postlarvae were much 
more tolerant of ozone than the younger larvae of other species, 
and would require 5.0 mg/1 of residual ozone to produce 99% 
mortality. 
41 
To destroy 99% of the eggs of the species tested by the 
static contact method, a considerably greater ozone residual 
would be required. If the response of channel catfish eggs 
is taken to be typical, then 99% mortality among eggs clearly 
requires a residual in excess of 4.0 mg/1, and probably con¬ 
siderably more, as there were no deaths among experimental 
specimens at that residual. A rough estimate may be calculated 
the ratio of LC99 to LC50 for those larvae whose LC99 could 
p- 
be calculated in the static tests averaged 2.3, ranging from 
1.4 to 4.1. If the lower limit of the LC50 for channel 
catfish is extrapolated to the LC99 by this factor, a mini¬ 
mum LC99 of 9.2 mg/1 is found. This calculation suggests that 
an ozone residual greater than 9 mg/1 may be required to de¬ 
stroy 99% of fish eggs treated by the static contact method. 
Larvae tested by the continuous flow method were found 
to be relatively sensitive; it is clear that any concentration 
of ozone effectively used to destroy eggs will eliminate larvae 
of these species. As common sucker eggs appeared to be the 
most tolerant of the eggs tested, for 80- and 40-minute ex¬ 
posures the LC99 values and confidence limits calculated for 
common sucker eggs, 11.8 mg/1 (6.21-52 mg/1) and 8.5 mg/1 
(6.4-14.4 mg/1), respectively, may serve as estimates of ozone 
residuals required. At shorter exposure times the best 
estimate of the ozone required for large mortalities is in 
excess of the minimum calculated for the LC50: >5.0 mg/1 
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at 20-minute or 5.9 mg/1 at 10- or 5-minute exposures. Ex¬ 
trapolating these values to 99% mortality, the average ratio 
of LC99 to LC50 for eggs tested by the continuous flow method 
was 4.1, ranging from 1.9 to 8.3, respectively, and the con¬ 
centration of ozone required to destroy 99% of the most toler¬ 
ant eggs can be roughly estimated to be greater than 20 mg/1 
at a 20-minute exposure and greater than 24 mg/1 at 10- or 5- 
minute exposures. More conservative lower estimates could have 
been obtained by using the smallest factor found, 1.9; con¬ 
fidence limits were not used in the calculation because they 
appear unrealistically low when compared with LC50Ts for 40 
and 80 minutes. 
To derive ozone dosages necessary for destruction of large 
numbers of eggs and larvae in the Connecticut river diversion, 
the ozone demand of Connecticut river water, 2.3 mg/1, must 
be added to the minimum residual ozone concentrations calculated 
above. The resulting dosages are, subject to the previously 
discussed assumptions and qualifications, greater than approxi¬ 
mately 11 mg/1 if applied by static mixer or minima ranging 
from 11 mg/1 to 26 mg/1 for exposure times of 80 minutes to 10 
minutes, respectively, when applied by contact chamber. The use 
of the determined ozone demand of 2.3 mg/1 may be slightly in 
error, as it reflects the demand of water ozonated to 1.0 mg/1, 
while the ozone demand of water ozonated to greater residuals 
would probably be somewhat larger. Moreover, the value was 
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determined for water collected in November, while spring flow 
may contain less dissolved and particulate material able to 
react with ozone. 
Toxicity Test Methods 
Because it was designed to specifically model one system, 
results of the static-decreasing concentration test are dif¬ 
ficult to apply to other systems or compare with other results 
due to the rapid decay of the toxicant during the three-hour 
test period. Preliminary investigations of ozone decay demon¬ 
strated that test temperature and water quality were important 
in static-decreasing concentration experiments because of 
their influence on the decay rate and thus the total exposure 
of test organisms to ozone, while the capacity to model 
decay of ozone in a larger system probably was not greatly 
affected by presence or absence of fish in test containers. 
Because ozone concentrations remained constant, the 
static-constant concentration and continuous flow methods more 
closely approximated generally accepted toxicity testing 
practice, and results of those tests are potentially more 
easily applied to a variety of systems. For reasons stated 
earlier the former method was discontinued, though it was 
particularly easy to perform and the precision of the results 
was good. The latter method modelled ozone treatment in a 
plug-flow contact chamber less accurately due to constant 
renewal of water around normally semi-planktonic organisms. 
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but met the objections to the former method. 
As pointed out earlier, the range of concentrations of 
ozone employed in all methods was small. The sensitivity limit 
of the method used to analyze ozone residuals and the 
capacity of the apparatus to dissolve ozone in water limited 
the usuable range of ozone residuals to approximately 0.03 
to 5 mg/1. Oxygen, used as a feed gas in all tests to increase 
the efficiency of ozone production and hence ozone concen¬ 
trations, was potentially toxic in these tests, as it was 
found at levels up to 160% of saturation after the prolonged 
treatment necessary to achieve higher ozone concentrations. 
At short exposures, lethal gas supersaturation would have 
caused rapid death of fish due to hemostasis resulting from 
gas emboli in blood vessels, particularly in gill capillaries. 
External signs of this condition would probably have included 
loss of equilibrium and flared gills (Wolke, Bouck, and Stroud, 
1974). These were observable among larger larvae during 
exposure to ozone. However, controls receiving equal treatment 
with oxygen not containing ozone experienced low or zero 
mortality, and did not exhibit these signs. Moreover, lethal 
exposure times for larval and adult salmonids and centrarchids 
in gas-supersaturated water have been found to be substantially 
longer than the brief exposures (maximum 80 minutes) tested 
here (Bouck, Nebeker, and Stevens, 1976). 
In some instances replicate toxicity tests gave signifi- 
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cantly different LC50Ts. Stephan (1977) has suggested that 
such a difference indicates some variation among replicates, 
such as a change in organism condition or a difference in 
physical conditions among the tests, and that results of these 
tests should be evaluated with care. Nevertheless, several 
published studies have found significant differences among 
LC50Ts. Pickering and Henderson (1966 a, b) testing metals 
and hydrocarbons, found significant, 2- to 3-fold variation 
among LC50Ts calculated in replicate tests of several species 
of fish. Several successive LCS0Ts for phenol, ammonia, and 
zinc were found to vary significantly in tests with rainbow 
trout (Brown, 1968) though most replicates were not statis¬ 
tically different. Fogels and Sprague (1977), finding that 
toxicity of copper to rainbow trout varied significantly over 
a 5-fold range, questioned the interpretation of statistically 
significant differences among replicate LC50Ts as an indica¬ 
tion of faulty technique, and suggested that differences may 
instead reflect normal variation in the method. Though it 
is not possible to evaluate with certainty the source of 
variation in some of the present results for yellow perch 
eggs, fathead minnow eggs and rainbow trout larvae, the amount 
of variation in these results is proportionately similar to 
that found in other studies (the greatest difference in LC50 
was 2.5-fold). It thus seems reasonable to follow other 
workers and report and use such results. 
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Results of the three toxicity test methods were not en¬ 
tirely consistent. It appears that larvae were somewhat less 
tolerant in continuous flow tests than in static-decreasing 
concentration tests. Despite very short exposure times, LCSO’s 
derived from the former method were in all cases less than 
that of the most sensitive larvae in the latter. Nevertheless, 
quantitative disagreement among methods is not great, and 
qualitatively agreement is good. This is illustrated by the 
observation that spottail shiner postlarvae are more tolerant 
of residual ozone than bluegill sunfish larvae in static- 
decreasing concentration (3.7-7.8x) and static-constant concen¬ 
tration tests (approximately 10-20x), and by the previous 
discussion of the relative tolerances of eggs and larvae. 
In all tests, egg and larval ages were specified by devel¬ 
opmental time rather than more accurate morphological criteria, 
and organisms were tested at arbitrary times in the development 
of each life stage. The response of fish to toxicants has 
been shown to vary with development within life stages as well 
as with changes in life stage (McKim, 1977). In the 
present study the tolerance of spottail shiner postlarvae 
relative to less-developed larvae of other species is 
consistent with an increase in tolerance with development, 
demonstrated experimentally for other toxicants (Brungs, 19/3; 
McKim, 1977). The tolerance of eggs exposed to ozone may 
diminish with approaching emergence of the embryo as the 
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membranes become thinner. Tests performed with organisms of 
arbitrarily chosen ages probably cannot reliably detect small 
differences in tolerance among species, though serving to dis¬ 
tinguish larger differences such as those among life stages. 
Use of the LC99 
The accepted measure of the tolerance of an organism to 
a toxicant in a toxicity test is the LC50, which can be re¬ 
garded as expressing the best estimate of response of the 
"average” individual organism or as an estimate of tolerance 
level at or below which are 50% of the population of organisms 
(Sprague, 1969). The LC50 is useful in instances in which a 
measure of the response of half of the population is desired. 
It is a standard method easily comparable to results of 
other toxicity tests (A.P.H.A., 1976) and it is relatively 
easy to calculate. Of the commonly used statistical methods, 
the nonparametric moving average method can compute only the 
LC50. While the parametric probit method can be used to cal¬ 
culate tolerance levels for any proportion of the population, 
it is most precise at 50% (Stephan, 1977; Finney, 1964). 
For purposes of environmental protection or toxicant 
evaluation, however, the LC50 is not ideal. Protection of a 
population from a toxic substance requires standards to be set 
at mortalities far below 50%, while evaluation of a substance 
designed to be toxic can best be done by finding the level 
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which causes high mortality. Presently LC50Ts derived from 
toxicity tests are extended to protective levels by application 
factors, by which the LC50 is multiplied to yield the safe 
concentration. The application factor extrapolates the LC50 
in two ways: from 50% mortality to some small mortality, and 
from an exposure time equal to the period to a long, indefinite 
exposure (Warren, 1971). In order to reduce the inaccuracy 
of extrapolation by an estimated application factor, the LC1 
is presently computed in some toxicity work (Stephan, pers. 
comm.). Analogously, in this paper the LC99 was calculated 
where possible in order to measure the population response at 
a level that is actually of interest in the evaluation of ozone 
use as a toxicant. The LC99 as employed here aids in recommen¬ 
dation of useful ozone levels and guides extrapolation of 
LC50Ts to higher mortality levels for those tests which pro¬ 
duced no LC99. However, this use of the LC99 must be regarded 
as tentative, because in many instances it could not be calcu¬ 
lated, and in others confidence intervals are large due to a 
poor fit of the probit curve to the data. Unfortunately no 
method for nonparametric calculation of tolerance and confidence 
limits at levels other than the LC50 is in general use. Adop¬ 
tion of such a method would allow valuable quantities such as 
the LC1 and LC99 to be computed for data which do not meet 
the assumptions of probit analysis or similar methods. 
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Ozone and Water Quality 
In addition to its toxic effect on fish eggs and larvae, 
ozone can be expected to influence the quality of the treated 
water. Ozone in natural water has been found to decrease 
color, odor, and taste, oxidize organic materials and conse¬ 
quently decrease chlorine demand, reduce bacterial counts, and 
enhance oxygen concentrations (C. Asbury, unpublished data; 
Kirk, McNabney, and Wynn, 1972). Other effects, as yet unin¬ 
vestigated, may also occur. Several studies have found no 
toxicity of ozonated fresh water or wastewater containing no 
residual ozone (Arthur ejt a]^, 1975; Ward and De Graeve, 197 8) . 
However, unless ozone completes oxidation of all organic com¬ 
pounds present to carbon dioxide and water, there must be 
concern about formation of some organic compounds as products. 
Elia et. arl (1978) have shown that in a concentrated waste 
such products can be formed, and that toxicity can increase as 
a result of ozonation. 
Ozone is presently being studied as a replacement for 
chlorine in water and wastewater treatment. While chlorine is 
known to produce potentially toxic halogenated hydrocarbons 
on treatment of certain waters, the impact of low level ex¬ 
posures to these compounds on health of water users is unclear 
(Rook, 1976). Much less is known of presence or amounts of 
toxic products in treatment with ozone. Therefore it seems 
prudent to await further investigation of ozone oxidation 
so 
products before initiating ozone use in potable water or in 
water to be discharged into the environment, whether in a new 
system or as a replacement for chlorine. 
Protection of Fish Populations 
Results of the toxicity tests indicate that eggs of most 
species tested will be protected during short exposures to 
moderate (<1 mg/1) residuals of ozone in natural water. In 
coninuous flow tests, however, larvae of the species tested 
were killed by virtually any measurable residual at even very 
short exposures, though larvae were somewhat more tolerant 
when treated with ozone by the static-decreasing concentration 
procedure. Application factors used to estimate toxicant 
concentrations safe for a species from the results of acute 
toxicity tests have generally ranged from 0.1 to 0.002 (Warren, 
1971); thus to protect sensitive larvae and hence whole life 
cycles of these fish species, the safe residual ozone concen¬ 
tration in natural water will probably be found to be less 
than SO ug/1, possibly by one or two orders of magnitude. 
The phenomena of ozone decay and rapid reaction insure that 
ozone cannot exist in natural water for an extended period. 
The results of the decay investigations suggest that it would 
endure for only minutes to hours in Connecticut river water. 
Still, protection of fish populations may require establish¬ 
ment of standards which would effectively preclude continuous 
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discharges of effluents containing measurable ozone residuals 
into natural waters. 
CHAPTER VI 
CONCLUSIONS 
1. Eggs of the fish species studied, except for those of the 
American shad, are as a group more tolerant of dissolved ozone 
than fish larvae, probably because ozone’s action is principally 
on the egg membrane. 
2. Dissolved ozone dosages necessary to destroy large propor¬ 
tions of eggs of the species studied in Connecticut river 
water are greater than 6.3 mg/1 if ozone is applied by a static 
mixer or similar device, and greater than 8.2 mg/1 if applied 
by a contact chamber. Rough estimates of the actual dosages 
required are 11 mg/1 by the former and 11 to 26 mg/1 at ex¬ 
posures of 80 to 10 minutes by the latter application method. 
3. The rate of decay of dissolved ozone increases with greater 
temperature and decreased dissolved and particulate materials 
content. 
4. The capacity of ozone to produce toxic oxidation products 
during water and wastewater treatment should be fully evaluated 
before ozone is extensively applied in such uses. 
5. Due to the sensitivity of fish larvae to residual ozone, 
standards to protect whole life cycles much insure that concen¬ 
trations in natural waters remain well below 50 ug/1. 
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Table 5. Results of static-diminishing concentration 
toxicity tests. 
Test 
Organism 
Test 
Concentration 
fmg/D 
Number 
Tested 3 hr . 
No. Killed 
24 hr. 48 hr. 96 hr. 
Yellow 1.9 100 0 0 0 1 
perch 1.3 100 0 0 0 4 
eggs 0.98 100 0 0 0 6 
0.75 100 0 0 0 4 
0.54 100 0 0 0 0 
0.46 100 0 0 0 0 
0.34 100 0 0 0 0 
0.12 100 0 0 0 3 
Control 100 0 0 0 0 
Yellow 0.78 100 100 
perch 0.58 100 99 100 
larvae 0.47 100 100 
0.33 100 96 97 97 97 
0.22 100 0 22 23 24 
0.19 100 5 7 8 14 
0.08 100 0 0 0 2 
0.05 100 0 1 3 6 
Control 100 0 2 2 3 
Channel 4.0 80 0 0 3 3 
catfish 2.5 80 0 1 2 2 
eggs 1.6 80 0 0 1 1 
0.75 80 0 0 0 0 
0.48 80 0 7 7 7 
Control 80 0 3 3 8 
Channel 0.82 40 40 
catfish 0.60 40 39 39 39 39 
larvae 0.60 40 39 39 39 39 
0.36 40 0 1 1 1 
0.31 40 0 1 1 1 
0.22 40 0 0 0 0 
0.14 40 0 0 0 0 
Control 40 0 0 0 0 
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Table 5. (Continued) 
Test 
Organism 
Test 
Concentration 
(mg/1) 
Number 
Tested 3 hr. 
No. Killed 
24 hr. 48 hr. 96 hr. 
Rainbow 1.35 42 42 
trout 0.4 46 39 46 
larvae 0.32 35 35 
0.11 36 0 0 0 0 
0.07 40 0 0 0 0 
0.05 36 0 0 0 0 
Control 36 0 1 1 1 
Control 35 0 0 0 0 
Rainbow 0.64 10 10 
trout 0.56 10 8 10 
larvae 0.37 10 0 8 9 9 
0.32 10 0 6 6 6 
0.24 10 0 0 0 0 
0.17 10 0 0 1 1 
0.09 10 0 0 0 0 
Control 10 0 0 0 0 
Bluegill 0.82 100 100 
sunfish 0.70 100 100 
larvae 0.54 100 100 
0.33 100 6 7 7 7 
0.22 100 8 8 8 8 
0.15 100 0 0 0 0 
0.07 100 0 0 1 1 
Control 100 2 2 2 2 
Spottail 1.75 22 19 20 20 
shiner 1.36 21 12 13 13 
postlarvae 0.97 20 6 8 8 Discon- 
0.77 20 3 5 5 tinued 
0.47 20 1 1 3 
0.36 20 0 2 2 
Control 20 0 1 1 
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Table 6. Results of static-constant concentration tests. 
Test 
Organism 
Bluegill 
sunfish 
larvae 
Spottail 
shiner 
Test 
Concentration 
(mss/1') 
Exposure 
Time 
fmin 
Number 
Tested 
No. K 
C 2 4 hi 
0.02 4 90 0 
4 86 0 
8 102 40 
8 90 61 
16 135 134 
16 74 74 
0.08 0.5 85 0 
0.5 65 0 
1 80 3 
1 91 3 
2 87 82 
2 113 105 
0.18 0.25 74 1 
0.25 102 1 
0.5 95 90 
0.5 87 74 
1 103 103 
1 71 70 
Control 16 50 2 
8 48 4 
4 50 4 
2 55 2 
0.58 2 10 2 
2 10 0 
ie 4 10 5 
4 10 6 
8 10 6 
8 10 9 
0.28 4 10 1 
4 10 0 
8 10 4 
8 10 2 
16 10 3 
16 10 3 
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Table 6. (Continued) 
Test Exposure 
Test Concentration 
Organism (mg/1)_ 
Spottail 0.97 
shiner 
postlarvae 
1.2 
Control 
Time 
min.) 
Number 
Tested 
No. Killed 
C24 hours) 
0.5 10 1 
0.5 10 0 
1 10 7 
1 11 7 
2 10 9 
2 10 9 
0.25 9 0 
0.25 12 3 
0.5 10 3 
0.5 10 3 
0.75 9 5 
0.75 10 5 
1 9 7 
1 11 9 
2 10 0 
1 10 0. 
0.5 10 0 
0.25 10 0 
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Table 7. Results of continuous-flow constant concen¬ 
tration tests- 
Test 
Orzanism 
Exposure 
Time 
fmin .3 
Test 
Concentration 
(mz/Vl 
Number 
Tested 
No. Killed 
C24 hours') 
Yellow 10 5.0 23 0 
perch 3.1 28 0 
eggs 2.2 23 0 
1.2 28 0 
1.0 31 0 
Control 29 0 
4.9 19 19 
2.4 21 1 
1.1 19 0 
0.5 22 1 
0.1 18 0 
Control 24 0 
4.5 28 12 
2.7 26 0 
1.4 26 0 
0.5 23 0 
0.1 20 0 
Control 23 0 
20 4.9 20 20 
2.4 25 22 
1.1 17 6 
0.5 22 0 
0.1 25 2 
Control 20 0 
4.7 26 23 
2.8 23 10 
1.6 27 2 
1.0 18 0 
0.5 28 0 
Control 22 0 
5.0 28 12 
3.1 33 9 
2.2 30 0 
1.2 30 0 
1.0 26 0 
Control 48 0 
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Table 7. (Continued) 
Test 
Organism 
Yellow 
perch 
eggs 
Exposure 
Time 
(m in .) 
40 
80 
Test 
Concentration 
(mg/1) 
Number 
Tested 
No. Killed 
(24 hours) 
4.4 28 28 
2.6 28 24 
2.2 22 10 
1.0 18 0 
0.6 21 0 
Control 20 0 
4.4 30 30 
2.6 19 19 
1.1 20 2 
0.5 33 0 
0.2 27 1 
Control 30 0 
4.7 23 23 
2.8 22 22 
1.6 22 10 
1.0 29 0 
0.5 30 0 
Control 23 0 
5.6 57 57 
3.3 57 57 
2.1 42 19 
1.2 62 33 
1.0 48 13 
Control 63 0 
4.5 24 24 
3.1 21 21 
2.0 24 2 
1.1 23 5 
1.0 28 1 
Control 26 0 
4.7 26 25 
2.8 19 19 
1.8 22 22 
1.0 23 1 
0.5 26 1 
Control 24 0 
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Table 7. (Continued) 
Test 
Organism 
Exposure 
Time 
(min.) 
Test 
Concentration 
(mg/1) 
Number 
Tested 
No. Killed 
(24 hours) 
Yellow 0.5 3.5 20 20 
perch 1.7 20 20 
larvae 0.7 20 19 
0.1 20 1 
3.5 20 20 
1.7 20 20 
0.7 20 19 
0.1 20 8 
Control 20 2 
3.5 20 20 
1.7 20 20 
0.7 20 20 
0.1 20 12 
Control 20 1 
1 3.5 20 20 
1.3 20 20 
0.6 20 19 
0.1 20 5 
Control 20 2 
3.5 20 20 
1.3 20 20 
0.6 20 20 
0.1 20 9 
Control 20 2 
3.5 20 20 
1.3 20 20 
0.6 20 20 
0.1 20 9 
Control 20 2 
2 3.4 20 20 
1.2 20 20 
0.7 20 20 
0.1 20 20 
0.03 20 6 
Control 20 2 
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Table 7. (Continued) 
Test 
Organism 
Exposure 
Time 
(min.) 
Test 
Concentration 
(mg/1) 
Number 
Tested 
Yellow 2 3.4 20 
perch 1.2 20 
larvae 0.7 20 
0.1 20 
0.03 20 
Control 20 
3.4 20 
1.2 20 
0.7 20 
0.1 20 
0.03 20 
Control 20 
5 6.9 20 
2.8 20 
1.7 20 
0.5 20 
0.1 20 
Control 20 
4.3 20 
2.0 20 
1.2 20 
0.3 20 
0.1 20 
Control 20 
4.3 20 
2.0 20 
1.2 20 
0.3 20 
0.1 20 
Control 20 
White 5 5.9 25 
sucker 2.2 25 
eggs 1.3 25 
0.35 25 
Control 25 
No. 
lii 
Killed 
hours) 
20 
20 
20 
20 
6 
1 
20 
20 
20 
20 
3 
1 
20 
20 
20 
20 
18 
0 
20 
20 
20 
20 
19 
1 
20 
20 
20 
20 
20 
2 
3 
0 
3 
0 
0 
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Table 
Test 
Organism 
White 
sucker 
eggs 
Fathead 
minnow 
eggs 
(Continued) 
Exposure 
Time 
(min.) 
Test 
Concentration 
(mg/1) 
Number 
Tested 
No. Killed 
(24 hours) 
10 5.9 25 5 
2.5 25 1 
1.3 25 0 
0.3 25 0 
Control 25 0 
20 5.0 25 7 
2.0 25 6 
1.2 25 2 
, 0.4 25 0 
Control 25 2 
40 5.5 25 23 
2.1 25 0 
1.2 25 1 
0.4 25 0 
Control 25 0 
80 5.3 25 20 
2.5 25 14 
1.4 25 8 
0.6 25 6 
Control 25 2 
10 4.2 10 0 
4.2 10 0 
4.2 10 0 
Control 10 0 
20 4.5 10 5 
1.4 10 0 
0.9 10 0 
0.3 10 0 
0.03 10 0 
Control 10 0 
4.45 10 9 
1.4 10 0 
0.9 10 0 
0.3 10 0 
0.03 10 0 
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Table 7. (Continued) 
Test 
Organism 
Exposure 
Time 
C m in .) 
Test 
Concentration 
fmg/1) 
Number No. Killed 
Tested (24 hours) 
Fathead 20 
minnow 
40 
80 
4.45 10 10 
1.4 10 0 
0.9 10 2 
0.3 10 0 
0.03 10 0 
Control 10 0 
4.8 10 0 
1.5 10 0 
0.9 10 0 
0.1 10 0 
Control 10 0 
4.8 10 8 
1.5 10 1 
0.9 10 1 
0.1 10 1 
Control 10 0 
4.8 10 10 
1.5 10 7 
0.9 10 1 
0.1 10 0 
Control 10 0 
4.0 10 10 
1.5 10 7 
1.0 10 0 
0.3 10 1 
0.05 10 0 
Control 10 0 
4.0 10 10 
1.5 10 9 
1.0 10 5 
0.3 10 1 
0.05 10 0 
Control 10 0 
4.1 10 10 
1.6 10 10 
1.1 10 0 
0.3 10 0 
0.05 10 
1 
JL 
Control 10 0 
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Table 
Test 
Organism 
Fathead 
minnow 
eggs 
(Continued) 
xposure 
Time 
(min.) 
Test 
Concentration 
fmg/D 
Number 
Tested 
No. Killed 
(24 hours) 
160 4.1 10 10 
1.6 10 10 
1.1 10 5 
0.3 10 0 
0.05 10 2 
Control 10 0 
4.1 10 10 
1.6 10 10 
1.1 10 10 
0.3 10 0 
0.05 10 0 
Control 10 0 
0.5 0.8 10 10 
0.3 10 10 
0.2 10 10 
0.05 10 0 
0.04 10 0 
Control 10 0 
0.8 10 10 
0.3 10 10 
0.2 10 10 
0.05 10 10 
0.04 10 2 
Control 10 0 
0.8 10 10 
0.3 10 10 
0.2 10 10 
0.05 10 10 
0.04 10 7 
Control 10 0 
1 1.4 10 10 
0.6 10 10 
0.4 10 10 
0.2 10 10 
0.1 10 10 
Control 10 0 
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Table 7. (Continued) 
Test 
Organism 
Fathead 
minnow 
larvae 
Bluegill 
sunfish 
larvae 
Exposure 
Time 
(min.) 
Test 
Concentration 
(mg/1) 
1 1.4 
0.6 
0.4 
0.2 
0.1 
Control 
1.4 
0.6 
0.4 
0.2 
0.1 
Control 
2 1.4 
0.6 
0.4 
0.2 
0.1 
Control 
0.25 0.9 
0.4 
0.3 
0.14 
0.1 
Control 
0.9 
0.4 
0.3 
0.14 
0.1 
Control 
0.9 
0.4 
0.3 
0.14 
0.1 
Control 
Number No. Killed 
Tested (24 hours) 
10 10 
10 10 
10 10 
10 10 
10 10 
10 0 
10 10 
10 10 
10 10 
10 10 
10 10 
10 0 
10 10 
10 10 
10 10 
10 10 
10 10 
10 0 
10 10 
10 10 
10 9 
10 6 
10 6 
10 1 
10 10 
10 10 
10 10 
10 6 
10 1 
10 0 
10 10 
10 10 
10 10 
10 6 
10 1 
10 0 
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Table 7. (Continued) 
Test 
Organ ism 
Bluegill 
sunfish 
larvae 
Exposure 
Time 
(min.) 
Test 
Concentration 
(mg/1) 
0.5 1.0 
0.4 
0.3 
0.15 
0.1 
Control 
1.0 
0.4 
0.3 
0.15 
0.1 
Control 
1.0 
0.4 
0.3 
0.15 
0.1 
Control 
1 0.9 
0.5 
0.4 
0.2 
0.1 
Control 
2 0.9 
0.5 
0.4 
0.2 
0.1 
Control 
Number No. Killed 
Tested C24 hours) 
10 10 
10 10 
10 10 
10 0 
10 0 
10 0 
10 10 
10 10 
10 10 
10 10 
10 10 
10 1 
10 10 
10 10 
10 10 
10 10 
10 9 
10 1 
10 10 
10 10 
10 10 
10 9 
10 10 
10 0 
10 10 
10 10 
10 10 
10 10 
10 10 
10 0 

